Five cattle Y-specific microsatellites, totalling six loci, were selected from a set of 44 markers and genotyped on 608 Bos taurus males belonging to 45 cattle populations from Europe and Africa. A total of 38 haplotypes were identified. Haplogroups (Y1 and Y2) previously defined using single nucleotide polymorphisms did not share haplotypes. Nine of the 27 Y2-haplotypes were only present in African cattle. Network and correspondence analyses showed that this African-specific subfamily clustered separately from the main Y2-subfamily and the Y1 haplotypes. Within-breed genetic variability was generally low, with most breeds (78%) showing haplotypes belonging to a single haplogroup. AMOVA analysis showed that partitioning of genetic variation among breeds can be mainly explained by their geographical and haplogroup assignment. Between-breed genetic variability summarized via Principal Component Analysis allowed the identification of three principal components explaining 94.2% of the available information. Projection of principal components on geographical maps illustrated that cattle populations located in mainland Europe, the three European Peninsulas and Mediterranean Africa presented similar genetic variation, whereas those breeds from Atlantic Europe and British Islands (mainly carrying Y1 haplotypes) and those from Sub-Saharan Africa (belonging to Y2-haplogroup) showed genetic variation of a different origin. Our study confirmed the existence of two large Ychromosome lineages (Y1 and Y2) in taurine cattle. However, Y-specific microsatellites increased analytical resolution and allowed at least two different Y2-haplotypic subfamilies to be distinguished, one of them restricted to the African continent.
Introduction
Putative microsatellites mapping to the male-specific Y-chromosome (MSY) region of cattle are available (Bishop et al. 1994; Vaiman et al. 1994; Mezzelani et al. 1995; Kappes et al. 1997; Liu et al. 2003) . Y-specific microsatellites have been used to trace cattle domestication and differentiation among bovid species (Edwards et al. 2000 (Edwards et al. , 2007a . Some of these markers were also used to distinguish between taurine (Bos Taurus) and zebu (B. indicus) patrilines and to infer introgression events from zebu into taurine populations (Bradley et al. 1994; Edwards et al. 2000 Edwards et al. , 2007a Giovambattista et al. 2000; Hanotte et al. 2000; Li et al. 2007) . Götherström et al. (2005) identified two Y-specific single nucleotide polymorphisms (SNPs) allowing two major clusters to be distinguished in taurine (B. taurus) cattle (Y1 and Y2). The frequencies of the identified SNPs in modern samples revealed that haplogroup Y1 can primarily be found in extant northern Europe cattle breeds and haplogroup Y2 is mainly distributed in the Central and Southern Europe cattle breeds. This strong geographical signal could be explained by a significant influence of male aurochsen on domesticated populations coming from the Near East during the formation of the present European cattle stock. This would challenge the common view on early domestication and Neolithic stockrearing. However, Bollongino et al. (2008) and Svensson & Götherström (2008) , using ancient and mediaeval samples, did not support the hypothesis that these markers distinguish European aurochsen from domesticated cattle.
Y-specific microsatellites and SNPs have been jointly used to ascertain genetic history of human populations (Zerjal et al. 2002) . SNPs provide an opportunity to understand paternal population origins, relationships and dispersals with greater phylogenetic and geographical resolution and less terminological ambiguity than was hitherto possible. The inclusion of microsatellite data allows the assessment of patterns of migration, admixture and ancestry, as well as to identify additional micro-evolutionary processes associated with population structure sensu lato (Zegura et al. 2004) . Recently, extended Y-chromosome haplotypes that combine information from microsatellites and SNPs have been used to study genetic relationships among Portuguese (Ginja et al. 2009 ), Ethiopian (Li et al. 2007) and Eurasian (Kantanen et al. 2009 ) cattle populations. However, samples used are limited to these geographical areas.
The aim of this work was to investigate the haplotype structure and diversity in taurine cattle breeds from Europe and Africa using a combination of already described SNPs and microsatellites tested to be specific to the MSY region. The genetic relationships between breeds will also be analysed. 
Materials and methods

Samples
SNP analyses
Three polymorphisms previously described by Götherström et al. (2005) were analysed as follows: (i) polymorphism DDX3Y1 (DBY), which differentiates zebu and taurine Y-specific haplogroups, was analysed on the African samples to ensure that further determinations were carried out on B. taurus Y-chromosomes; (ii) polymorphism zfy10 was analysed on all samples to distinguish between haplogroups Y1 and Y2; and (iii) polymorphism UTY19 was analysed on the African Y2 samples to confirm the haplgroup assignment. For SNP UTY19 (C/A), PCR conditions were as follows: the final reaction volume was 10 ll; the reaction mixture consisted on 50-100 ng of genomic DNA, 0.2 U of Taq polymerase (Biotools), 0.25 lM of each primer (SigmaAldrich), 200 lM of each dNTP (Biotools) and 2 mM MgCl 2 . The PCR protocol included an initial step of 95°C (3 min), followed by 40 cycles of 30 s at 95°C for DNA denaturation, 30 s for primer annealing at 54°C and 30 s at 72°C for primer extension. PCR product was purified with the exoSAP-IT Ò protocol (USB) and sequenced in both strands by using the BigDye Ò Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems) following the manufacturer¢s recommendations, on a ABI3130 sequence analyser (Applied Biosystems). A DX3Y1 C/T polymorphism (AY928811:g.437) differentiates taurine and zebu Y-chromosome, and an UTY G/T polymorphism (AY936543:g.423) differentiates Y1 and Y2 haplogroup. For the ZFY10 indel, the PCR protocol was as follows: the final reaction volume was 10 ll; the reaction mixture consisted of 50-100 ng of genomic DNA, 0.2 units of Taq polymerase (Biotools), 0.25 lM of each primer (SigmaAldrich), 200 lM of each dNTP (Biotools) and 2 mM MgCl 2 . The PCR protocol included an initial step of 95°C (3 min), followed by 30 cycles of 30 s at 95°C for DNA denaturation, 30 s for primer annealing at 55°C and 30 s at 72°C for primer extension. An additional final step of 72°C for 90 min was included to avoid n-1 band presence when using capillary electrophoresis (Table 2) . Genotyping was carried out by direct electrophoreses on an ABI3130 sequencer analyser (Applied Biosystems) based on its difference in size: 285-287 nt for Y1 and Y2 respectively.
Microsatellite genotyping
A total of 43 microsatellites previously reported to be located on the bovine MSY region by Matthews et al. (1991) , Bishop et al. (1994) , Vaiman et al. (1994) , Mezzelani et al. (1995) , Kappes et al. (1997) , Liu et al. (2003) , and microsatellite SRYM18 described on the ovine Y-chromosome by Meadows et al. (2006) , were tested for male specificity, paternal compatibility and repeatability scoring following the protocol described in Pérez-Pardal et al. (2009; see Table S1 ). After this selection process only five microsatellites were found to be suitable for our study: INRA189, UMN0103, UMN0307, BM861 and BYM1. Microsatellite UMN0103 showed a bimodal allele-frequency distribution that could be scored as two different loci Balaresque et al. 2006) . Therefore the five selected microsatellites included six different loci.
The five selected microsatellites were analysed on all samples in two multiplex PCRs (PCR 1: INRA189 and UMN0103 and PCR 2: UMN0307, BM861 and BYM1) performed in a GenAmp PCR system 9700 (Applied Biosystems). The final reaction volume was 10 ll. The reaction mixture consisted of 50-100 ng of genomic DNA, 0.2 units of Taq polymerase (Biotools), 200 lM of each dNTP (Biotools) and 2 mM MgCl 2 . Concentration primers (SigmaAldrich) and fluorescent dye labels are given in Table 2 . The PCR protocol included an initial step of 95°C (3 min), followed by 30 cycles of 30 s at 95°C for DNA denaturation, 30 s for primer annealing at 58°C and 30 s at 72°C for primer extension. An additional final step of 72°C for 90 min was included to avoid n-1 band presence when using capillary electrophoresis. PCR fragments were separated by capillary electrophoresis on an ABI 310 instrument (Applied Biosystems) according to the manufacturerÕs recommendations. Allele sizes were determined with Genemapper (Applied Biosystems).
Terminology
The terms ÔhaplogroupÕ and ÔhaplotypeÕ have various, overlapping definitions in the literature. Throughout the article, we will use the terminology proposed by de Knijff (2000) and recommended by the Y-Chromosome Consortium (2002) in which ÔhaplogroupÕ refers to MSY lineages defined by binary polymorphisms and the term ÔhaplotypeÕ is reserved for all subfamilies of haplogroups that are defined by variation at microsatellites on the MSY region.
The two different loci shown by microsatellite UMN0103 will be analysed using the MathiasÕs prior (Balaresque et al. 2006) . Mathias et al. (1994) assigned the co-amplified alleles to each locus according to their sizes, the shortest allele being assigned to locus 1, the longest to locus 2.
Statistical analyses
Microsatellite alleles were combined into haplotypes. Observed haplotypes were analysed as follows: (i) analysis of correspondence was performed using the Proc CORRESP of the SAS/STAT package (SAS Institute Inc.); and (ii) a medianjoining network connecting different haplotypes was constructed using the program NETWORK 4.5.2 [available at http:// www.fluxus-engineering.com/ (Bandelt et al. 1999) ]. To avoid reticulation, a reduced median algorithm (Bandelt et al. 1995) was used to generate a .rmf file and the median joining network method (Bandelt et al. 1999 ) was applied to this file.
An unbiased estimate of haplotype diversity, h, and its variance, V(h), were calculated according to the method of Nei (1987, formulas 8.5 and 8.13 therein) . The standard error of h, SE(h), was calculated by taking the square root of V(h). Single-locus gene-diversity values were calculated in the same way. Within-breed expected heterozygosity adjusted for sampling size was also computed according to Nei (1987) . The between-breeds genetic identity matrix was computed, according to Nei (1987) , as the average across loci of the term to where x ij and y ij are the frequencies of the ith allele at the jth locus within the populations x and y using the program MOLKIN (Gutiérrez et al. 2005) . Information provided by this matrix was summarized by conducting principal component analyses (PCA) on the complement of this matrix. The principal component scores were used to construct interpolation maps drawn using the SPATIAL ANALYST EXTENSION OF ARCVIEW, available at: http://www.esri.com/software/ arcview/. The Inverse Distance Weighted (IDW) option with a power of two was selected for the interpolation of the surface. IDW assumes that each input point has a local influence that diminishes with distance. The area of sampling of each breed was used as geographical coordinates, and the six nearest neighbours were used for the calculation. Interpolation surfaces were divided into eight equal classes. AMOVA analyses were computed using the program ARLEQUIN 3.11 (Excoffier et al. 2005) . Analyses were carried out fitting one single (haplogroup, haplofamily, breed, continent or geographical area) or two hierarchical levels (breed within continent or breed within geographical area).
Results
The number of alleles per polymorphic microsatellite varied from 2 (BM861) to 8 (INRA189), revealing a total of 32 alleles across the six loci used. Overall gene diversity was 0.429. Altogether, the identified alleles defined 38 haplotypes (overall haplotype diversity of 0.063 ± 0.0002). Haplotype descriptions and their distribution across breeds are given in Table S2 . Samples were assigned to the Y-chromosome haplogroups defined by Götherström et al. (2005) according to the SNPs typed. UTY19 polymorphism confirmed the Y2-haplogroup assignment of the African samples. A total of 11 haplotypes belonged to haplogroup Y1 (named from Y1_1 to Y1_11) whereas 27 haplotypes (from Y2_1 to Y2_27) belonged to haplogroup Y2.
Haplogroups did not share haplotypes. The most common Y1-haplotype (Y1_6) was identified in 106 samples belonging to seven different breeds. The most common Y2-haplotype (Y2_19) was identified in 269 samples across 29 breeds. Three Y1-haplotypes and eleven Y2-haplotypes were unique. Haplotype Y1_6 is basically fixed in the Normande, Holstein and European Friesian breeds. Haplotype Y2_19 was widely distributed across breeds, being dominant in Central and Southern European and Moroccan samples. A group of nine Y2-haplotypes (Y2_1, Y2_3, Y2_4, Y2_5, Y2_7, Y2_9, Y2_10, Y2_11 and Y2_27) were only present in Sub-Saharan cattle but also in one Moroccan sample (haplotype Y2_1). Figure 1 summarizes the genetic variability contained by the 38 haplotypes identified. Correspondence analysis separated the main group of Y2-haplotypes from the Y1-haplotypes on Dimension 1 (X-axis). Interestingly enough, the subfamily formed by the nine African specific Y2-haplotypes were also separated from the main Y2-subfamily on the X-axis; differentiation between this second Y2-subfamily and the Y1 haplotypes was assessed on Dimension 2 (Y-axis). The existence of 2 subfamilies within the Y2-haplogroup was confirmed via NETWORK analysis. The Y2-subfamily identified on African sire Y-chromosomes clustered with the Y1-haplotypes.
Within-breed genetic variability was generally low (Table 1) . Most breeds (78%) showed haplotypes belonging to a single haplogroup. Seventeen (37%) of the analysed breeds showed a single haplotype. Within-breed expected heterozygosity varied from 0 to 0.354 (Pajuna breed). Within-breed haplotype diversity showed more variation, ranging from 0.026 ± 0.006 in the Normande breed to 1.0 in some endangered local breeds such as Sayaguesa, Serrana Negra and Pajuna breeds. In general, breeds that are considered closely related, such as those belonging to Brown Swiss type (Brown Swiss, Tyrolean Grey, Parda de Montañ a and Bruna dels Pirineus) or the classical European Friesian and the modern Holstein cattle, have consistently the same haplotype composition, the most frequent being Y2_19 and Y1_6 respectively. Between-breed genetic relationships were summarized via PCA performed on the complement of the between-breeds genetic identity matrix (Table S3) . Three principal components (PC) with eigenvalue >1, explaining 81.8%, 10.2% and 2.2% of the total variability, were retained (Table S2 ). PC1 included mainly the Central European, Southern European and Moroccan breeds; PC2 mainly included Atlantic European breeds; PC3 was almost exclusively formed by Sub-Saharan Lobi and NÕDama breeds. This pattern was consistent with the variability previously shown by the identified haplotypes. Projection of PCs on a geographical map is shown in Fig. 2 . The three PCs gave very similar images: cattle populations located in mainland Europe, the three European Peninsulas and Mediterranean Africa presented similar genetic variation whereas those breeds from Atlantic Europe and British Islands (mainly carrying Y1 haplotypes) and those from Sub-Saharan Africa (belonging to Y2-haplogroup) showed genetic variation of different origin.
Genetic identity between Sub-Saharan Africa populations and most other populations (regardless they are formed by ÔEuropeanÕ Y2 samples) was below 0.30. This is only comparable with the genetic identity assessed between the Atlantic European sample and the other geographical cattle populations, ranging from 0.322 to 0.426 (Table 3) . Samples obtained from breeds of the mainland European continent, the three European Peninsulas and Mediterranean Africa have between-population genetic identities ranging from 0.664 to 0.873. Atlantic European and Sub-Saharan samples have poor genetic identity (0.315).
This general scenario was confirmed by an AMOVA analysis (Table 4 ). The ÔContinentÕ only accounted for roughly 20% of the variation and ÔGeographical AreaÕ explained less than 50% of the variation. When ÔBreedÕ was included in the model as the only hierarchical factor to be tested, it explained roughly 80% of the genetic variation. This variation was similar to the proportion of variation explained by ÔHaplogroupÕ (71.09%) and ÔHaplofamilyÕ (74.51%). When ÔBreedÕ was analysed within Continent or Geographical Area, it still accounted for more genetic variation than these latter two factors. The variation explained by the haplofamily was slightly (but significantly) higher than that explained by the haplogroup.
Discussion
Here we use a set of five cattle Y-specific microsatellites, including six loci, to assess diversity on the male path in taurine cattle. The microsatellite set used was fitted after careful selection of markers (see Table S1 ). Our microsatellites basically coincide with those previously used by Ginja et al. (2009) in Portuguese cattle, and three of them (INRA189, BM861 and BYM-1) were also used by Li et al. (2007) and Kantanen et al. (2009) in Ethiopian and Eurasian cattle respectively. The markers INRA124, INRA 126 and UMN0504 used in the aforementioned studies have been shown not to be male-specific here and in the previous analyses (Pérez-Pardal et al. 2009 ).
Haplotypic diversity found in our sample is similar to that of 0.064 (26 haplotypes among 405 bulls tested) reported by Kantanen et al. (2009) , higher than that of 0.042 (13/ 307) reported by Ginja et al. (2009) The results reported by Li et al. (2007) may be biased upwards as a result of the presence of taurine and zebu haplotypes in the Ethiopian samples, but also by the use of the putative fast-evolving marker INRA126 that has been shown to have erratic behaviour with a high rate (55%) of parental incompatibility (Pérez-Pardal et al. 2009 ); it may be located on the pseudoautosomal region of the Y-chromosome (Li et al. 2007) .
At the subspecies level, our study highlights the following: (i) haplogroups Y1 and Y2 previously identified by Götherström et al. (2005) have phylogenetic meaning; (ii) there is genetic variation within haplogroups that can be assessed using microsatellites; (iii) African cattle Y2-chromosomes can be differentiated from those of European cattle; (iv) there is clear geographical structuring in taurine cattle populations; and (v) this structuring is compatible with a poor overall genetic differentiation.
The fact that no haplotypes were shared between haplogroups clearly confirms the phylogenetic importance of the haplogroups identified by Götherström et al. (2005) . They characterize two large cattle Y-chromosome lineages that are predominant in the European Atlantic coastline (Y1) and in the mainland European continent and Africa (Y2). However, in the case of cattle, biallelic markers, such as the Götherström et al. (2005) SNPs and indels, do not offer enough resolution to characterize Y-chromosome diversity. Y-specific microsatellites allowed at least two different Y2-lineages to be differentiated (Fig. 1) . The African-specific Y2-lineage clusters nearer to Y1 haplotypes than to European Y2-haplotypes. This suggests the existence of different wild sire populations with poor genetic differentiation. However, the set of markers used was not powerful enough to correctly discriminate among haplogroups. The identification of new Y-specific markers in cattle with higher resolution should confirm the genetic relationships between the different haplogroups. Ginja et al. (2009) suggested a possible African introgression into Portuguese cattle based on one allele on marker INRA189 previously found in NÕDama cattle (Edwards et al. 2000) . Differences between West African genetic stock and European Y2-sires are more marked than previously shown. Here we demonstrate that these breeds have their own haplotypes that are not shared with any other Y2-cattle breeds. Haplotype diversity, adjusted for sample size, is quite similar for Y1 and Y2 haplogroups (0.055 ± 0.0006 and 0.067 ± 0.0002, respectively). In any case, the higher haplotype diversity observed in Y2 cattle is mainly resulting from the variation observed in African Y2-haplotypes. The identified West African Y2-subfamily has an extremely high haplotype diversity 0.533 ± 0.1214, whereas the other Y2 samples had haplotype diversity of 0.049 ± 0.0007. Although our analyses do not allow us to reject the influence of other factors such as differences in population sizes or introgression from other populations, this fact suggests that West African cattle gather genetic variation of local origin. Summarizing the (a) (b) Figure 2 Locations of cattle populations sampled (Plot A) and synthetic maps illustrating geographical variation of the first principal component (Plot B) identified using principal component analyses (PCA). The projection of the main component of variation represents the main Y2 haplotypic subfamily, predominant in the cattle breeds sampled in Central Europe, the three European Peninsulas and Mediterranean Africa. By contrast, the Y1 haplotypes are the most frequent in the Atlantic European coastline, and a second Y2 haplotypic subfamily is typical of the Sub-Saharan cattle. (Troy et al. 2001) , and that there is a significant component of microsatellite variation within African cattle that seems to be indigenous in origin (Hanotte et al. 2002) . Though sample size from West African cattle is limited (only 17 samples), the evidence summarized by Bradley & Magee (2006) can also be applied to the Y-chromosome scenario identified here. In this respect, our findings would be consistent with a putative domestication event in Africa, including the use of local Y2-like wild sires. Götherström et al. (2005) , the Y1 and Y2 haplogroups have a clear geographical structure, with Y1 samples basically restricted to the Atlantic Europe and British Islands. The analysed breeds usually show Y-chromosomes belonging to a single haplogroup and are, in general, homogeneous at the Y-chromosome variation level. In most cases, the presence of Y1 and Y2 haplotypes in a given breed can be explained by its recent history. Examples are the process of introgression of Fleckvieh, Brown Swiss and Friesian cattle into the Asturian cattle breeds during the first half of the 20th century (Goyache 1995) or the presence of Y2-haplotypes in Danish Red cattle, which is known to be introgressed by Brown Swiss cattle (Sørensen et al. 2005) ; the Red and White (Friesian) introgressed into Simmental cattle in Croatia; and the Y1 haplotypes found in NÕDama samples may have originated from Devon cattle influencing the sampled population during the 1930s.
The genetic heterogeneity of the wild sires used to create modern European cattle is a question of much debate. Götherström et al. (2005) suggested a large genetic influence of the primitive European aurochs in the formation of the present cattle breeds in Europe. However, Edwards et al. (2007b) and Bollongino et al. (2008) , using ancient DNA, suggested that the model of a rapid introduction into Central Europe of cattle domesticated in the Near East without significant crossbreeding with local wild cattle remains unchallenged. Svensson & Götherström (2008) also suggested that the geographical consistency of the Y-specific haplogroups identified in European cattle could simply be the result of drift processes that occurred just before and during the formation of modern cattle breeds. The current analysis cannot support the hypothesis proposed by Götherström et al. (2005) suggesting that haplogroup Y2 would result from the domestication events occurring in the Near East during the Neolithic period, whereas Y1 would result from introgression of local male aurochsen into domestic cattle populations all over the Atlantic European coastline: Both the haplotypic diversity and the Table 4 Geographical structuring assessed using Analysis of Molecular Variance (AMOVA). AMOVA subdivides the genetic diversity into hierarchical components and estimates the indices F, which are molecular equivalents of WrightÕs F statistics and can be interpreted as follows: F ST : relative divergence between populations; F SC : relative divergence between populations of the same group; F CT : relative divergence between groups. The statistical significance of variance components and F indices is evaluated by bootstrapping using 1000 replications. All estimates were statistically significant for P < 0.0001. within-population expected heterozygosity (the complementary value of genetic identity) across different parts of Europe (Table S2 ) are low and substantially the same. This dataset suggests that both European Y1 and Y2 haplotypic families are associated with small initial numbers of sires. This would be consistent with a single domestication process. This contrasts with the high haplotypic variability and relatively high expected heterozygosity assessed in West African samples, in which there may have been the use of local sires (through genetically related Y2 sires domesticated in the Near East). The lack of samples from the Near East (the only definite centre of taurine cattle domestication) does not allow us to check this hypothesis. Although there is room for improvement, this has been the first attempt, to our knowledge, to ascertain Y-specific genetic diversity and structure in African and European taurine cattle. Y-specific microsatellites have provided information about differentiation between Y-haplotypic lineages and relationships between cattle populations and geographical areas. Increasing the number of markers and the extent to which their properties are understood will influence the reliability of the inferences. Further analyses, including of samples from the Near East, as well as from different African regions, will help to clarify the role of Africa in the domestication of taurine cattle.
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